Abstract Improvements in survival among central nervous system (CNS) tumor patients has made the risk of developing a subsequent cancer an important survivorship issue. Such a risk is likely influenced by histological and treatment differences between CNS tumors. De-identified data for 41,159 patients with a primary CNS tumor diagnosis from 9 Surveillance, Epidemiology and End Results (SEER) registries were used to calculate potential risk for subsequent cancer development. Relative risk (RR) and 95 % confidence interval (CI) of subsequent cancer was calculated using SEER*Stat 7.0.9, comparing observed number of subsequent cancers versus expected in the general United States population. For all CNS tumors studied, there were 830 subsequent cancers with a RR of 1.26 (95 % CI, 1.18-1.35). Subsequent cancers were observed in the CNS, digestive system, bones/joints, soft tissue, thyroid and leukemia. Radiotherapy was associated with an elevated risk, particularly in patients diagnosed with a medulloblastoma/primitive neuroectodermal tumor (MPNET). MPNET patients who received radiotherapy were at a significant risk for development of cancers of the digestive system, leukemia, bone/joint and cranial nerves. Glioblastoma multiforme patients who received radiotherapy were at lower risks for female breast and prostate Electronic supplementary material The online version of this article
Introduction
Central nervous system (CNS) tumors are a substantial cause of morbidity and mortality in the United States, and will likely result in more than 13,000 estimate deaths in 2012 alone [1] . Increases in survival after a CNS tumor diagnosis have raised awareness of treatment related morbidity, the most concerning of these is the risk of developing a subsequent cancer [2] . Published data have indicated an elevated risk in patients with a primary CNS tumor for development of a variety of tumors, including bone, brain, soft tissue, thyroid, and salivary gland cancers as well as melanoma, leukemia and lymphoma [3] [4] [5] , with one such study associating subsequent cancer risk with radiotherapy [6] . However, the aforementioned studies included data until 1998, before mandated reporting of benign brain tumors in 2004, and therefore did not stratify subsequent cancer risk by histological subtype of CNS tumor [7] . Our study focuses on utilizing only the most recently available data as collected by the Surveillance, Epidemiology, and End Results (SEER) Program, with data updated through 2009, which captures benign brain tumors, to estimate risk of subsequent cancer after primary CNS tumor diagnosis, stratifying by histological subtype of tumor and radiation status.
Materials and methods
Publically available, de-identified data from the original SEER 9 registries was used to identify a cohort of individuals diagnosed with a primary CNS tumor between 1973 and 2009. The 9 SEER registries included Atlanta, Connecticut, Detroit, Hawaii, Iowa, New Mexico, San Francisco-Oakland, Seattle-Puget Sound, and Utah [8] . Radiation status was limited to any type of radiotherapy versus no/refused radiotherapy. Using the International Classification of Diseases for Oncology, Third Edition (ICD-O-3) [9] , CNS tumors were categorized into pilocytic astrocytoma (ICD-O-3 histological code 9421), astrocytoma grade II/III (AII/III) (9383, 9384, 9401, 9410, 9411, 9420, 9424), astrocytomanot otherwise specified (NOS) (9400), glioblastoma multiforme (GBM) (9440-9442), oligodendroglioma grade II/III (OII/III) (9450, 9451, 9460), ependymoma (9391-9394), mixed glioma (9382), glioma NOS (9380), medulloblastoma/primitive neuroectodermal tumor (MPNET) (8901, 8921, 8963, 9363-9364, 9470-9474, 9501-9503, 9508) and meningioma (9530-9534, 9537-9539). The primary site of the CNS tumor for each histological type except meningioma was categorized into the following areas: cerebrum (ICD-O-3 site code C71.0), frontal lobe (C71.1), temporal lobe (C71.2), parietal lobe (C71.3), occipital lobe (C71.4), ventricle-NOS (C71.5), cerebellum-NOS (C71.6), brain stem (C71.7), overlapping lesion of brain (C71.8) and brain-NOS (C71.9). Meningiomas were limited to cerebral meninges (C70.0), spinal meninges (C70.1) and meninges-NOS (C70.9). Excluded from study were patients with diagnoses made at autopsy or on death certificate, non-surgically confirmed CNS tumors (i.e., patients who had no biopsy or no surgical resection), CNS tumors of borderline/uncertain malignant potential, or patients with an unknown age at diagnosis or race/ethnicity. This study was reviewed and approved by the Internal Review Board at University Hospitals Case Medical Center in Cleveland, OH. SEER*Stat 7.0.9 was used to compare the observed number of subsequent cancers versus the expected number in the general United States population in order to calculate the relative risk (RR) including the 95 % confidence interval (CI), of subsequent cancers following a diagnosis of a primary CNS tumor, calculated as a standardized incidence ratio, in which the comparison cohort was matched by age, sex, race and year of diagnosis [8] . The expected numbers of subsequent cancers were based on the assumption that incidence rates for new primary tumors equaled corresponding SEER rates for invasive primary cancers of that type. Person-years at risk for developing subsequent cancers included the time beginning 2 months after primary CNS tumor diagnosis to the date of death, the date of last known follow-up, or the end of the currently available data (i.e. 2009), whichever occurred first.
Results

Study sample
A total of 41,159 patients were diagnosed with a primary CNS tumor between 1973 and 2009. Tumor characteristics and demographics are presented in Online Resource 1. The most common histological diagnosis was GBM (47.1 %), 
Risk stratified by radiation status
To account for a potential influence of radiotherapy, results were stratified by radiation status and histological subtype of the CNS tumor (Table 2) . Patients who received radiation, compared to those that did not, were at a significantly elevated risk for developing a subsequent cancer, particularly patients diagnosed with a primary astrocytoma NOS, OII/III, ependymoma and MPNET. Among those patients diagnosed with a MPNET who underwent radiotherapy, risks were significantly elevated for cancers of the thyroid, CNS/other CNS, and the digestive system. Interestingly, GBM patients who received radiotherapy had a significantly decreased risk of subsequent cancer development overall, compared to the same patients who did not received radiotherapy. The risk of subsequent cancer in the brain was significantly elevated in patients who received radiotherapy for those diagnosed with a primary GBM or MPNET. Similar significant risks were found in patients who received radiotherapy, compared to those that did not, for cancers of the CN/Other CNS, salivary gland, digestive system, thyroid, bone/joint, soft tissues and heart, though individual risks for these cancers varied by the primary CNS tumor histology (Table 2) . Interestingly, the risk of female breast cancer in patients with astrocytoma NOS and GBM treated with radiotherapy decreased, and patients with GBM treated with radiotherapy had a lower rate of prostate cancer.
Risk of subsequent cancer in MPNET and GBM patients
With the incidence of MPNET peaking before the age of 19 years and GBM peaking later in life ( Fig. 1 ), further investigation of these two tumor types was performed by latency period to further assess the development of subsequent cancers. Overall risk of developing a subsequent cancer was significantly elevated in MPNET patients ages 0-19 years, who had received radiotherapy, in all latency periods (Table 3) . In these treated patients there was a significantly elevated risk of developing cancers of the digestive system, urinary system, brain and thyroid and leukemia within the first 10 years. Risk of subsequent brain, CN/other CNS and thyroid tumors was significantly elevated 10 years post-diagnosis. However, significant risks for developing leukemia, soft tissue and bone/joint cancers among children diagnosed with a MPNET were observed independent of radiation status.
Patients over age 20, diagnosed with a GBM, who received radiotherapy were at a significantly decreased overall risk for subsequent cancer development during the first year after diagnosis, particularly for female breast cancer and prostate cancer (Table 4 ). There were significantly elevated risks in patients who had received radiotherapy for developing cancers of the colon and thyroid during the first 5 years and brain tumors from 5 to 10 years after diagnosis. Interestingly, there was a significantly increased overall risk of cancer in patients not treated with radiotherapy 5-10 years after diagnosis.
Discussion
Primary CNS tumor patients have been associated with a risk for subsequent cancers [3, 4, 10] . However, we provide the first known large-scale study stratifying the risk by the histological subtype of the CNS tumor, with attention to such potential risk factors as radiation status, age and latency period. Our study showed there is a risk for subsequent cancer in patients diagnosed with a MPNET, AII/ III, astrocytoma NOS, OII/III, ependymoma and glioma NOS. The subsequent cancers that develop in such patients include those of the brain, CN/other CNS, digestive system, bone/joint, soft tissue, thyroid and leukemia. Though previous reports found significant risks for cancers of the bone, soft tissue, brain/CNS, thyroid, and leukemia, this study found that subsequent cancer risk varied by the histological subtype of the CNS tumor, which the aforementioned studies did not account for (Table 1) [3] .
Though reports have implicated radiation therapy as a risk factor for development of a subsequent cancer [3, 4, 6, [11] [12] [13] [14] [15] [16] , our study provided the first known large-scale Other includes pharynx, respiratory system, female genital system, testis, skin, urinary system, thymus, lymphoma, myeloma and mesothelioma comparison of subsequent cancer risk in patients who had radiation therapy for their primary CNS tumor to those that did not, separated by histological subtypes. Significantly elevated risks were found for patients diagnosed with an astrocytoma NOS, OII/III, ependymoma and MPNET and who had received radiotherapy (Table 2 ). These risks were not found for patients with the same histological subtype of primary CNS tumor who did not receive radiotherapy, therefore supporting the hypothesis that radiotherapy is associated with development of a subsequent cancer. For patients who received radiotherapy, they were at risk not only for subsequent cancer likely related to the field of radiation (such as brain, CNS/other CNS and thyroid), but also cancer of the bone/joint, heart, and soft tissue. Past studies with a primary CNS tumor cohort found similar subsequent cancer sites, particularly in the CNS [3, 12, 15] , though our study is the first to distinguish between histological subtypes of primary CNS tumors. There still exists some uncertainty, however, in the link between the primary CNS tumor, radiotherapy and the development of digestive system, bone/joint and soft tissue cancers [3] , given such radiotherapy is generally limited to the CNS. Cancer of the upper GI tract, such as esophageal tumors, may have originated in the radiotherapy field, though such sites were not at a significant risk for developing cancer when studied alone. An alternative explanation is that in patients treated with radiation and chemotherapy, severe immunosuppression may result in diminished immune response [17] . Furthermore, genetic/ epigenetic propensities related to various primary CNS tumor histologies, such as mutations in p53, and damage induced by ionizing radiation, may underlie subsequent cancer risk in these patients [18, 19] . Additionally, improved survival due to the beneficial effects of radiotherapy on the tumor may also contribute by improving survival, thereby increasing the opportunities to develop and be diagnosed with subsequent cancers.
Since MPNET patients had the highest risk of subsequent cancer, particularly those who received radiotherapy, focus was placed on MPNET tumors in patients age 0-19. Significant risk was found for development of a digestive system cancer and leukemia within the first 5 years after a MPNET diagnosis and cancers of the digestive system, soft tissue, urinary system, bone/joint, brain, CN/other CNS and thyroid, as well as leukemia 5-10 years post-diagnosis (Table 3) . Risks for cancer of the digestive system, urinary system, brain, CN/other CNS and thyroid were found in patients who had received radiotherapy for the MPNET, and comparatively not found in those that did not receive radiotherapy, indicating that radiotherapy appears to be a risk factor in the development of such subsequent cancers. This is particularly important for patients diagnosed with a MPNET, in which current standard of care involves combination radiotherapy and chemotherapy, though newer approaches avoid radiotherapy [20] .
Patients treated with radiotherapy likely have a measureable dose of radiation to nearby structures, potentially putting these areas at risk for development of a malignancy, while chemotherapy may be related to development of hematologic malignancies such as leukemia. The implications of radiotherapy in pediatric patients have been well documented [5, . The Childhood Cancer Survivor Study (CCSS) is a population-based cancer registry utilized in numerous reports to assess the subsequent cancer risk in patients diagnosed with a childhood cancer [21, 22, 25, 28, 35, 37, [42] [43] [44] . The results of these studies have shown that pediatric patients diagnosed with a cancer, particularly those who received radiation therapy, are at a significant risk for development of subsequent cancer, particularly of the thyroid, soft tissue, CNS and lymphoma, similar to the findings presented here [21, 28, 35] . Another study reported increased incidence of leukemia, gliomas, fibrosarcoma, thyroid, and bone cancers in pediatric patients diagnosed with a MPNET [5] . However, the aforementioned studies were limited by their inability to stratify by both histological subtype of CNS tumor and radiation status. Our results confirm that MPNET survivors are at an elevated risk for development of subsequent cancers, particularly patients treated with CNS radiation.
Due to the short survival of GBM patients, the median survival time of approximately 12-15 months is likely not enough time to develop a subsequent cancer. In fact, patients diagnosed with a GBM who received radiation Other includes oral cavity, pharynx, respiratory system, female genital system, breast, prostate, testis, skin, thymus, lymphoma, myeloma and mesothelioma therapy were at a significantly lower risk for development of female breast and prostate cancers (Table 2) . Interestingly, the risk for development of a subsequent cancer following diagnosis of a GBM was insignificant for most sites but increased for brain and thyroid cancer a year postdiagnosis (Table 4) . Though these areas would be exposed to radiation, development of such cancers a year postdiagnosis more likely suggests potential host susceptibility for cancer. Prior studies on adult GBM patients and risk of subsequent cancer proved to be very limited, though one study, utilizing the SEER database, found insignificant risks for development of a subsequent cancer after a GBM diagnosis [4] , though radiation status and latency were not accounted for.
The large sample size of the SEER data makes for one of the greatest strengths of this study. SEER's ability to limit the cohort for only those who had surgical confirmation of the histological diagnosis allowed us to perform analysis stratified by histological subtype. Additionally, the data presented here included changes in CNS tumor collection, with the beginning of collection of benign brain tumors in 2004 [7] . However, the SEER 9 registries, though allowing for the greatest range of time for follow up and subsequent cancer development, only represent approximately 10 % of the United States population. SEER does not have its own central pathology review board, allowing for potential inconsistencies in diagnosis of the primary CNS tumors over time, though studies have shown that the diagnostic criteria for GBM is uniform among neuropathologists [47, 48] . Though spinal meningiomas were included in the analysis, they represented a small portion of all meningiomas studied (2.8 %), with all other primary CNS tumors located in the brain. Additionally, benign and malignant meningiomas were included, though in a sensitivity analysis zero cases of subsequent cancer were found among benign meningioma patients (results not presented). Grade II and III gliomas, particularly oligodendroglioma and astrocytoma, were grouped together due to limitations within the SEER data. A majority of oligodendrogliomas were NOS (89.5 %), which limits our data to analyze differences between grade II and III tumors. Similar issues plagued astrocytoma grade II and III analysis, though stratification of the tumors by their respective ICD-O-3 codes found subsequent cancer risk for grade III astrocytomas, and not for grade II. Our data also includes tumors of unclear pathology/location, designated Glioma NOS; however these patients represented only a small portion of our cohort (3 %), hence their potential bias effect would be limited. Within the SEER data, only first course of treatment data is available on radiotherapy, hence if patients received second course radiotherapy, that information is not available. Hence the relationship between subsequent treatment and risk of subsequent Other includes oral cavity, pharynx, digestive system excluding colon, bones/joints, soft tissue, urinary system, respiratory system, female genital system, cranial nerves/other nervous system, testis, skin, thymus, leukemia, lymphoma, myeloma and mesothelioma cancer cannot be examined. There is also the possibility of confusion between subsequent cancer development and CNS tumor recurrence. Furthermore, changes in WHO classification of CNS tumors, most recently in 2007 [49] , do not result in retroactive reclassification in SEER to reflect current WHO classification. Though SEER limits these issues by recording only newly diagnosed primary tumors, the possibility of over or under-estimation of tumor incidence is possible. The variations found in subsequent cancer risk between histological subtypes of CNS tumors are particularly important given that this is the first known large-scale study to stratify such data by histological subtype. The data indicates that many of these results can be explained by receipt of radiotherapy, though not for all histological subtypes. The finding that MPNET tumors in children increase the risk of multiple subsequent secondary cancers at various latencies indicates that particular attention must be placed on continuing monitoring and survivorship in such patients, particularly those that receive radiotherapy. Given the complexity of these results, especially with differences across histological subtypes of CNS tumors, further study is warranted to understand the underlying biological reasons towards progression to a subsequent cancer with the goal of decreasing the risk, or finding alternative treatment modalities.
